Measurements of the rf electric field have been made along the z axis of a helicon reactor using a retarding field energy analyzer. A fluid code and a simple analytical model have been developed to analyze the ion energy distribution functions, especially in the case of bimodal distributions where the ion transit time through the sheath in front of the analyzer is comparable to the rf period. A generalized curve ͑and an analytical approximation to that curve͒ has been developed from the analytical model and confirmed by the self-consistent fluid model for high, low, and intermediate ion transit time, which can be used by experimenters to quickly convert the experimental results ͑energy peak separation, plasma potential and density, electron temperature͒, which are related to rf sheath oscillations, to absolute values of the rf electric field. An analysis of the errors involved in the derivation of the field is given. The results agree qualitatively with rf pickup measured with a floating Langmuir probe.
I. INTRODUCTION
In the past few decades, the physics of antenna-plasma coupling, in particular the generation of rf oscillations of the plasma potential, has offered well-documented challenges in the applied field of plasma processing [1] [2] [3] [4] and in the more fundamental field of confinement reactors ͑tokamaks, stellerators,...͒. [5] [6] [7] The lowest densities used in plasma processing reactors have allowed the use of various electrostatic probes-in capacitively as well as inductively coupled plasmas-to measure radiofrequency components of plasma parameters. In parallel to the experimental studies, a large number of low-frequency and high-frequency sheath models-analytical models, fluid models, particle-in-cell ͑PIC͒, and Monte Carlo simulations-have been developed. 8, 9 However, most studies have been made for relatively low-density plasmas (10 8 -10 11 cm Ϫ3 ) capacitively coupled between two electrodes, with the diagnostic inserted in the middle of the powered electrode, in a situation where the rf component of the plasma potential is comparable to the dc component. 8, [10] [11] [12] [13] The rf component of the plasma potential has also been derived from electric probes ͑energy analyzer, emissive probes͒ in inductively and wave coupled plasmas at higher densities (10 10 -10 12 cm Ϫ3 ), in a situation where the rf component of the plasma potential is smaller than the dc component. 4, 7 It has been shown that wall charging in plasma processing reactors such as the helicon reactor, which combines a source and a diffusion chamber, can also affect the plasma potential, 14 and this can be used in conjunction with the large available range of plasma densities to get some insight into rf modulation effects in plasmas. In this paper, spatial ion energy distribution function ͑IEDF͒ measurements are made with a compact four-grid retarding field analyzer ͑RFEA͒, 4, 6, 15, 16 which is grounded and which can be moved along the main axis of a helicon reactor. The reactor is configured in order to produce a spatially varying rf plasma potential in which a grounded probe is inserted, an inverse problem to those generally addressed in the literature. 8 
II. EXPERIMENT

A. Experimental setup
The experiments reported here were carried out in ''ChiKung,'' a horizontal helicon system that has been described previously 17 ͓Fig. 1͑a͔͒. Briefly, it consists of a 15 cm diam, 32 cm long glass tube ͑the source͒ surrounded by a helicon antenna and two solenoids, which are contiguous with a 32 cm diam, 30 cm long aluminum diffusion chamber also surrounded by two solenoids. The outer end of the diffusion chamber is terminated by a grounded aluminum endplate at zϭ60 cm, while the outer end of the source (zϭ0 cm) is terminated by a glass plate, thereby creating a situation with no reference to Earth inside the plasma source. Previous studies in helicon reactors used for deposition applications where the entire inner walls were covered with a film acting as an insulator have shown that the plasma breakdown and steady state is affected by the state of the walls, showing that there is a need for further experiments to get some insight into the plasma-wall interaction in plasma processing reactors. 14, 18, 19 In these first experiments with the glass plate at the end of the source, only the source solenoids are used to create an axial dc magnetic field. The B z component of this field is shown as a function of z in Fig. 1͑b͒ , where the axial distance z is measured from the outer end of the source.
To excite the plasma, we use a classical double saddle field antenna 17 situated between zϭ3 cm and zϭ21 cm and fed by rf power at 13.56 MHz via a -matching network. The reactor ͑source and chamber attached͒ is pumped down to a base pressure of 2ϫ10 Ϫ6 Torr using a turbomolecular pump placed on top of the diffusion chamber. Argon enters via a tube situated at the outer end of the source ͑behind the glass plate͒ and a constant pressure of 3 mTorr is used for all the measurements presented here.
Electrostatic probes can be inserted in the plasma by using various ports situated on the back plate of the diffusion chamber. With these operating conditions for the dc magnetic field and pressure, two series of experiments were carried out using an energy analyzer for a rf power of 250 and 800 W, with z as the main varying parameter.
B. Diagnostics
Various RFEA designs have been previously used to diagnose helicon plasmas. 15, 20 In this experiment, we use an analyzer consisting of four grids and a collector plate. 4, 6 When assembled, the analyzer is 35 mm long by 20 mm wide and 15 mm deep and the plasma particles enter the analyzer through a 2 mm hole in a 0.1 mm thick stainless steel orifice plate, in electrical contact with the analyzer housing, which is connected to the grounded diffusion chamber of the reactor.
The analyzer is only used in the ion collection mode and the voltages on the repellor, and secondary grids, and on the collector plate are set at Ϫ60, Ϫ9, and Ϫ9 V, respectively, to ensure the correct operation of the analyzer. Each timeaveraged ion current versus the discriminator curve I c (V d ) is a single sweep from Ϫ3 to ϩ90 V, in 200 steps and with 200 current measurements averaged per voltage step, giving a sweep duration of about 7 s. The energy resolution of the RFEA has been previously measured 4 and is of the order of 0.2 eV. Since the various grid voltages used in this experiment are somewhat different from those in Ref. 4, the energy resolution might slightly differ but is expected to be less than 1 eV.
As shown in Fig. 1͑a͒ , all the measurements are radial with the analyzer entrance hole facing the sidewall of the source. In this work, the main parameter is the position of the RFEA along the main z axis of the reactor and Fig. 2 shows typical ion collector current versus discriminator voltage I c (V d ) characteristics taken in the middle (zϭ15 cm) and at the exit (zϭ30 cm) of the helicon source for a rf power of 800 W. Although probes can disturb plasmas, the measurements were repeated in both axial directions with similar results, and no noticeable perturbations of the plasma were observed.
In the middle of the source (zϭ15 cm), the decreasing part of the I c (V d ) curve occurs over more than 30 V and presents an inflection point, suggesting that the measurement is strongly affected by rf modulation of the plasma potential, since a width uniquely derived from the ion temperature would not exceed a few volts ͑charge exchange collisions in the sheath are also excluded at this low pressure of 3 mTorr, as the sheath width is a few orders of magnitude smaller than the corresponding mean-free path͒. These types of characteristics have been previously obtained in capacitively and in- ductively coupled plasmas. 4, 6, 12, 13, [21] [22] [23] It has also been shown that tails of hot ions could be present in the diffusion chamber of a helicon reactor for an expanding plasma at low pressure as a result of a high plasma potential gradient between the source and the chamber. 15 Our case is different since we get maximum width in the middle of the source and since the pressure of 3 mTorr is high enough for charge exchange to rapidly cool any ion accelerated in any potential gradient. A disk-shaped Langmuir probe of radius 1.75 mm was also used to calibrate the analyzer in density and to estimate the electron temperature.
Previous experimental studies 17, 24 have shown that there are three distinct modes of operation in helicon plasmas: a low-density capacitive mode, a higher-density inductive mode, and a very high-density wave mode, where the plasma behaves quite differently. The transitions between the modes are a function of many parameters, including the rf power level on the antenna, the pressure, the magnetic field, etc. The presence of the glass plate on the outer end of the source might also alter the antenna-plasma coupling mechanisms, an effect that detailed analysis is beyond the scope of this paper. This particular configuration has spatially resolved bimodal ion distributions to be obtained by using a RFEA, and our main aim in this study is to develop a method for deriving spatially resolved plasma potential rf modulations and consequently absolute measurements of rf electric fields. The method should not be restricted to any plasma frequency range.
C. Results
Two sets of I c (V d ) curves were obtained along the z axis of the reactor for rf powers of 250 and 800 W, and for a constant pressure of 3 mTorr. The B z component of the dc magnetic field along the z axis is kept constant ͓Fig. 1͑b͔͒. The IEDF's obtained by differentiating the I c (V d ) characteristics are shown in Figs. 3͑a͒, and 3͑b͒ for powers of 250 and 800 W, respectively. We define ⌬E ion as the energy difference between the two maxima in the distribution. 8 For better clarity in Figs. 3͑a͒ and 3͑b͒, a five-point smoothing function ͑solid and dotted lines͒ is applied to each distribution and two sets of experimental data points ͑diamonds and triangles͒ have been added as an example. The determination of ⌬E ion is made by analyzing the raw datasets. The axial values of ⌬E ion are shown by triangles on a solid line in Fig.  4͑a͒ for both discharge powers. ⌬E ion is maximum at the top of the source and decreases toward the diffusion chamber. A constant value of 1.5 eV is obtained for both powers for z ranging from 30 to 60 cm and represents the noise ''floor'' of the measurement. This value is approaching the resolution of the analyzer and also is derived from I c (V d ) characteristics with small current amplitudes and a small number of data points representing the narrow distributions. In this paper, the distributions obtained in the diffusion chamber will be described as ''single peaked'' distributions (⌬E ion р1.5 eV), despite their bimodal shape. The values for 2 eV rf represented by diamonds and crosses in Fig. 4͑a͒ correspond to the modeling results and will be discussed in Sec. III below. Figure 4͑b͒ shows the peak to peak rf pickup measured with the Langmuir probe floating into 1 M⍀ along the z axis for both powers. The signal is maximum in the antenna region (zϭ3 -21 cm), the region where the dc magnetic field is also maximum ͓Fig. 1͑b͔͒.
For both powers, Figs. 3͑a͒ and 3͑b͒ show that the shape of the IEDFs changes from bimodal in the source to single peaked toward the diffusion chamber. It has been previously shown that for bimodal distributions, the energy difference ⌬E ion between the two peaks is mostly related to the dc and rf components of the sheath potential in front of the RFEA, and to the plasma density. 8 The dc component of the plasma potential is usually defined as the ''center'' of the distributions shown in Figs. 3͑a͒ and 3͑b͒, i.e., the potential at the center of the well for a bimodal distribution and the potential at maximum peak intensity for a single peaked distribution. 7, 11, 25 This approximation does not take into account the kinetic energy of the ions as they enter the sheath but is sufficient for estimating the plasma potential. For our configuration, the plasma potential in the helicon source varies from 35.5 to 39 V and from 39 to 42.5 V, for 250 and 800 W rf power conditions, respectively.
FIG. 3. The ion energy distribution function ͑IEDF͒ derived from the
RFEAs characteristics for various increasing axial positions every 5 cm starting at zϭ10 cm for ͑a͒ 250 W and ͑b͒ 800 W rf power conditions, respectively. The diamonds and triangles correspond to the experimental data points and the solid lines to the fit ͑fivepoint smooth function͒. Only two sets of experimental data points are shown for a better clarity on each part of the figure ͓zϭ10 cm and zϭ20 cm in ͑a͒ and zϭ10 cm and z ϭ30 cm in ͑b͔͒. The pressure is 3 mTorr and the dc magnetic field is as shown in Fig. 1͑b͒ .
The plasma density variation with z, obtained from the RFEA, is calibrated with the Langmuir probe ͑LP͒ biased at Ϫ60 V and positioned at zϭ5 cm using the ion saturation current expression:
where A p is the LP area, c s ϭͱ(kT e /M ) is the ion acoustic speed, and n 0 is the plasma density. The density is plotted for both powers in Fig. 5 . The electron temperature measured in the middle of the diffusion chamber is about 4.5 eV for both powers and is assumed to be constant on the z axis. As mentioned before, the measured IEDF's seem to be dominated by a sheath modulation effect at the entrance of the analyzer, rather than displaying the ion distribution itself. If the sheath in front of the grounded RFEA is rf modulated, the shape of the IEDF at the collector plate will reflect the modulation or part of it, if the ion transit time ( ion ) across the sheath is similar to or less than the rf period ( rf ϭ74 ns at 13.56 MHz͒. 8 The ion transit time will mainly depend on the sheath width. A first estimation of the sheath width s can be obtained by using the Child-Langmuir law for a dc sheath:
where De ϭͱ( 0 kT e /n 0 e 2 ) is the electron Debye length, V dc is the time-averaged plasma potential, and T e is the electron temperature ͑in eV͒.
A plasma density of 10 11 cm
Ϫ3
, a plasma potential of 40 V, and an electron temperature of 3 eV will correspond to a sheath width of about 0.02 cm. Assuming that the ions enter the sheath with the acoustic speed c s , their transit time through the sheath will be about 70 ns, which is close to the rf period of 74 ns. This is a simple estimation only since the ions are accelerated in the sheath electric field. Consequently, a transition from a low-frequency to a highfrequency sheath ( ion Ϸ rf ) would occur for a density of about 2ϫ10 11 cm Ϫ3 and the density decrease from the source to the diffusion chamber could be responsible for the change from bimodal to single peaked distribution for a constant rf component of the plasma potential. However, it is not excluded that the density decrease is only partially responsible for the change in the distribution and is therefore accompanied by a decrease in the rf component of the plasma potential. By deconvolving the distribution, the knowledge of the plasma density and of the dc component of the plasma potential will give access to the rf component of the plasma potential. This has been done previously and is well documented, but often corresponded to a measurement obtained by using a fixed probe in a fixed rf electrode. 10, 13 This case is somewhat different, as we have spatial measurements of bimodal distributions, which might give access to spatially resolved rf components of the plasma potential, and hence to absolute measurements of spatially resolved rf electric fields. The expression for ⌬E ion in the low-frequency and highfrequency limits, extensively discussed in the literature, 8 from the experimental ⌬E ion , it is necessary to model the rf modulated sheath in front of the grounded RFEA for the case where V rf is smaller than V dc .
III. MODELING THE ION DISTRIBUTION FUNCTION
A. Self-consistent fluid model
To properly understand the measured time-averaged ion distribution functions it is necessary to construct a model describing the effect of the time varying plasma potential on the sheath potential structure and hence on ion velocities at the RFEA. It should be noted that the experimental configuration corresponds to a constant ͑earthed͒ potential on the RFEA while the plasma potential oscillates. We have developed a self-consistent model schematically shown in Fig.  6͑a͒ with the following assumptions.
͑1͒ The ions are modeled using a cold, collisionless fluid. The time-dependent ion equations of continuity and motion are
where M is the ion mass, n i is the ion density, i is the ion fluid velocity, and V is the potential. As seen from Eq. ͑3͒, the system is source-free, so this is a sheath model. ͑2͒ The electron density is described by a Boltzmann relation where the electron temperature is T e .
͑3͒ Far from the electrode ͑i.e., the quasineutral region͒, the ion density and electron density are equal, i.e., n i ϭn e where the time-dependent variation in the plasma potential is given by rf (t) and the potential at the face of the RFEA has a constant value V dc Ͻ0 ͑i.e., below the plasma potential͒. ͑5͒ The rf variation in the plasma potential is
where is the rf frequency and V rf is the rf amplitude. This assumes that the plasma potential fluctuations are dominated by the first harmonic of the rf. We further assume that V rf ϽV dc , so the electrode potential is always below the plasma potential.
For a constant plasma potential (V rf ϭ0), this model reduces to that from which the Child-Langmuir law is derived. Consequently, the sheath structure approximates that of the Child-Langmuir sheath. When V rf Ͼ0, the potential in the plasma ͑i.e., far from the electrode͒ is VϷ rf (t), which can be seen as follows. Far from the electrode the plasma is neutral, so that the left side of Poisson's equation ͓Eq. ͑5͔͒ can be neglected. The argument of the exponential term must then be approximately zero, giving VϷ rf (t). That is, the potential on the RFEA is fixed while the potential in the plasma oscillates, as desired.
This model can be normalized using the standard dimensionless sheath variables:
where pi ϭͱ(n 0 e 2 / 0 M ) is the ion plasma frequency. Once nondimensionalized, the problem is parametrized by ion velocity at the sheath edge u 0 ϭ 0 /c s , the bias on the collector dc , and parameters describing the temporal dependence of the plasma potential: rf ϭϪeV rf /kT e and / pi . We assume u 0 Ϸ1 ͑i.e., the Bohm criterion͒, effectively eliminating u 0 as a parameter. Consequently, there are three model parameters: dc , rf , and / pi .
Using this model, we can compute the ion density and velocity at the RFEA. The ion equations of continuity and motion are solved using first-order upstream differencing ͑since the flow is only toward the RFEA͒, while the nonlinear Poisson's equation is solved iteratively using Newton's method on the second-order, tridiagonal finite-difference equations. Once a steady state has been established, we average the ion distribution function ͑essentially a delta function for cold ions͒ at the RFEA over an integral number of rf cycles, giving a time-averaged distribution function that can then be compared to experimental measurements as well as ⌬E ion .
Time-averaged distribution functions are shown in Fig. 7  for / pi equal 0.1, 1, and 10 , for constant V dc , V rf , and T e values of 40 V, 10 V, and 3 eV, respectively. An increase in / pi , i.e., in the density n 0 or frequency, results in an increase in ⌬E ion . The final time-averaged distribution function can be easily predicted for two limiting cases: when the ion transit time across the sheath is short compared to the rf period, ions gain an amount of energy nearly equal to the instantaneous potential drop across the sheath. Consequently, the time-averaged distribution function displays two peaks separated by the peak-to-peak amplitude of the rf potential variation in the plasma and centered near the dc value of the potential (eV dc ϩ1/2M c s 2 precisely͒. When the ion transit time through the sheath is long compared to the rf period, ions gain an amount of energy corresponding to the timeaveraged potential drop, which for symmetric variations is approximately the dc value. That is, the variations in the electric field average ͑approximately͒ to zero. It is the intermediate cases, when the ion transit time through the sheath is comparable to the rf period, for which our model is required. The interest in this fluid model is that the sheath is treated self-consistently. As a consequence, running the code is necessary for each analysis of experimental results.
B. Approximate analytical model: Modeling ion motion in an oscillating potential
The most useful and convenient result from the point of view of an experimentalist would be a single equation that gives ⌬E ion as a function of V rf and ion , i.e., as a function of the experimental parameters V rf , V dc , n 0 , and T e . Our interest is limited to the case where V rf is smaller than V dc . The peak separation ⌬E ion is given by the difference between the maximum and minimum final energies of ions entering the sheath as t 0 varies, and may be calculated without considering the IEDF. With this in mind we start with the simplest one-dimensional model of a rf sheath electric field and consider the motion of individual ions entering this field, as shown by the schematic of the ''single-ion model'' in Fig. 6͑b͒ . The following assumptions are made in this model.
͑1͒ The electric field in this model is spatially constant
͑hence the potential V is a linear function of position: VϭEx) and varies in time according to EϭE dc ϩE rf exp͑it͒, ͑8͒ where E dc and E rf are the constant ͑dc͒ and oscillating ͑rf͒ components of the electric field, respectively, is the frequency of the oscillation, and t is time. ͑2͒ Here E rf is assumed to be much smaller than E dc . The ratio ϭE rf /E dc will be used as a perturbation expansion parameter. ͑3͒ The sheath thickness x s is considered to be time invariant, allowing V to be similarly separated into dc and rf components: V dc ϭE dc x s and V rf ϭE rf x s . ͑9͒ ͑1͒ The initial velocity (v 0 ) of ions entering the sheath is assumed to be negligible compared to the final velocity ͑in practice, v 0 ϭ0).
The single-ion equation of motion M dv i /dtϭeE(t) for an ion ͑of mass M, velocity v i ) entering this field can easily be integrated twice to give the ion velocity and position as functions of time spent in the sheath ͓v() and x(), where ϭtϪt 0 and t 0 is the time at which the ion entered the sheath͔. In order to obtain the final ion energy, we require the ion velocity when xϭx s . In practice, we would like to invert the equation for x() to obtain the time taken for an ion to transit the sheath ( ion ) as a function of sheath thickness and the initial phase at which the ion entered the sheath ͓i.e., ion (x s ,t 0 )͔, and insert this result into the equation for the velocity. Unfortunately, the equation for x() cannot be inverted analytically, and we therefore make a first-order perturbation expansion for ion using :
where av corresponds to the time taken for an ion to fall the distance x s through the linear potential V dc , given by
Using a relation obtained from Kawamura et al. 8 between the transit time through a dc Child Langmuir sheath ( C-L ϭ3/2 av ) and pi , we can express av as a function of the experimental parameters V dc , n e , and T e :
.
͑12͒
Keeping terms up to first order in , an expression for ion can be obtained ͓from the equation for x()͔ and substituted into the equation for v() to obtain after some algebra an equation for the final ion energy E ion . This equation contains a constant term that represents the energy gained by the ion from the dc component of the potential, plus a term that oscillates with t 0 , the amplitude of the oscillation depending on and av . This term describes how the final ion energy changes as the initial potential at which the ion enters the sheath varies ͑with t 0 ), and also as the potential varies with time while the ion transits the sheath. For a given av ,⌬E ion is given by twice the amplitude of the second term in the equation for E ion , which, after a little algebra, can be written as
͑13͒
We find that this first-order analytic result agrees to within five percent with the numerically solved nonlinear solution of this model for values of up to 0.3.
Hence, from this simple analytical model, we have derived a generalized normalized curve ⌬E ion /2 eV rf vs av which is plotted as a solid line in Fig. 8 . This normalization only depends on a single parameter. The short ( av Ӷ1) and long ( av ӷ1) transit time regimes are clearly visible, while the transition occurs for av in the 1-10 range, which is the range of interest for our study: this result can be easily used by the experimentalist to deconvolve the measured IEDFs and to access V rf in the intermediate frequency regime. It is, however, necessary to test the validity of this simple model by comparing it with the self-consistent fluid model. This is done in the next section.
IV. DISCUSSION
A. Comparison between the two models
Both models assume the absence of the magnetic field and also assume that the plasma potential fluctuation is sinusoidal. 9, 10, 11, 13, 25 In many cases, a half-wave rectified sine wave or a nonsinusoidal fluctuation might be a better approximation for the potential variation. The main restriction in the analytical model is the assumption of a timeinvariant sheath width, while it is clear that this is not exactly the case for a modulated plasma potential. The fluid model treats the sheath self-consistently and a relation between the analytical model parameter av , and the fluid model parameter / pi has been obtained in Eq. ͑12͒. As shown by Fig. 7 , ⌬E ion can be obtained from the IEDFs generated by the fluid model for a given set of V dc , V rf , n o , and T e values. To test the validity of the generalized curve derived from the analytical model ͓Eq. ͑13͔͒, the fluid model was run for a various combination of V dc (20-60 V) and V rf values (V rf /V dc ratios from 0.125 to 0.5͒, and keeping a constant electron temperature of 3 eV. The results are shown in Fig. 8 . The results obtained from the fluid model also fall on a generalized curve with the three frequency regimes: the short and long transit time regimes are clearly visible, while the transition occurs for / pi of order one ( av about 2 3 ͒, that is, when the rf period and the ion plasma period are comparable. This is not surprising: since ions enter the sheath with the ion acoustic speed and the length scale for the sheath is the Debye length, the characteristic time to cross the sheath must be the ion plasma period.
The existence of a generalized scaling, predicted by the single-ion model, is thereby also confirmed for the fluid model for a non-negligible range of the parameters. This generalized scaling arises because the fluid model approximately contains the Child Langmuir law, hence providing extra hidden relations between the dimensionless parameters.
B. Low-and high-frequency limits
Low-frequency limit
In the low-frequency limit ( av Ӷ1), the expansion sin(x)/xϷ1Ϫx 2 /3!ϩx 4 /5!Ϫ¯can be used in Eq. ͑13͒. To second order in av the terms in the square root cancel to ( av /2) 2 , which results in
and represents the case where the sheath width is so short ͑or is so low͒ that ions transit the sheath in a negligible fraction of a rf cycle. The sheath voltage therefore appears constant during the ion transit, equal to V(t 0 ) ͑i.e., the voltage at time t 0 , when the ion enters the sheath͒. Figure 8 shows that this asymptotic behavior is also present in the fluid model as expected. As the sheath width is increased, the sheath electric field begins to vary significantly during an ion transit. Therefore an ion that enters the sheath when the voltage has an extreme value ͓given by exp(it 0 )ϭϮ1͔ does not experience the entire voltage drop V dc ϮV rf , which causes ⌬E ion to begin to decrease with av . This behavior is illustrated by including terms of up to fourth order in av , whereupon the approximation for ⌬E ion becomes Figure 8 shows that the ⌬E ion from the fluid model falls more rapidly than the above expression ͑shown as a dashed line in the Fig. 8͒, having a linear (1Ϫx) rather than a quadratic (1Ϫx 2 ) dependence in the low-frequency limit. The quadratic term in the above expression comes from the fact that the ions that define ⌬E ion come from the stationary points in the sinusoidally varying electric field component, which are constant to first order. In the fluid model, it is found that the rf component of the self-consistent sheath electric field has a phase shift with distance inside the sheath that increases with / pi , such that the rf component of the field at the edge of the sheath leads that at the wall. Therefore, an ion moving into the sheath when the field is stationary at the edge will experience a phase shift in the field due to the spatial phase shift along its path, in addition to the phase shift caused by its nonzero transit time. This effect causes ⌬E ion /2 eV rf to decrease linearly with / pi rather than quadratically. While the form of the variation of ⌬E ion /2 eV rf predicted by Eq. ͑15͒ is shown to be incorrect in the low-frequency limit, the discrepancy between the analytical and fluid model results is never greater than 15% over the conditions of interest in the experiment.
͑15͒
High-frequency limit
The high-frequency limit ( av ӷ1) represents the case where ions experience many rf cycles as it transits the sheath. From Eq. ͑13͒, we derive
During any single rf cycle, the work done by the oscillating component of the electric field nearly cancels out, as the ion experiences an equal acceleration and deceleration from E rf . Writing the ion transit time as ϭ(2nϩ␦)/, where n is an integer number of rf periods experienced by the ion and ␦ is some fraction of an rf period, it is clear that a significant amount of work is only done by the rf field in the time interval ␦/. Note that ␦ depends on the time average of the ion transit time av and also the initial phase t 0 at which the ion enters the sheath. Since the rf voltage in this model is sinusoidal, the amount of work is maximized and leads to the maximum excursion of the ion energy from the dc value, when ␦ϭ. Writing the maximum work done by the rf component as
]… it is clear that this becomes increasingly small as av increases. That is, work done by the rf field decreases because either ͑a͒ the time interval over which a net amount of work is done ͑␦/͒ becomes small as increases, or ͑b͒ the magnitude of E rf (ϭV rf /x s , keeping V rf constant͒ becomes small as the sheath width ͑and hence av ) increases. This is expressed in Eq. ͑13͒ by ignoring the terms with av in the denominator inside the square root to give the same result as Eq. ͑17͒. This is the same result as the high-frequency limit for ⌬E ion derived by Benoit-Cattin et al. 28, 29 In this model, the time dependence of the ion transit time is treated as a small perturbation on the average transit time: ϭ av ϩ 1 , where 1 varies as exp(it 0 ) in the high-frequency limit. Hence, the fraction of a rf period ␦ can be written as ␦ϭ␦ av ϩ exp(it 0 ), where ␦ av ϭ av 2n. Since is considered much smaller than 1, ␦ only approaches when ␦ av approaches . This causes modulations in ⌬E ion /2eV rf to occur as av is varied, which are expressed in Eq. ͑13͒ by the sin(x)/x terms within the square root. In reality ͑and also in the fluid model͒ the sheath width varies with t 0 and results in larger variations in ion about av , removing these modulations. The comparison shown in Fig. 8 show that, while the fluid model does not exhibit the same modulations in ⌬E ion /2 eV rf with / pi , the envelope of the analytic result ͓the dashed line given by replacing the sin(x) terms with their maximum value in Eq. ͑13͔͒ and the fluid model are in very close agreement in the highfrequency limit.
C. Calculation of V rf from ⌬E ion in the intermediatefrequency regime
We now apply model results to experimental data. For both powers, we assume a constant V dc value of 40 V and a constant electron temperature of 4.5 eV ͑for a better comparison with the results published in the literature for argon plasmas, an electron temperature of 3 eV was chosen for both models; an error less than 10% in the calculation of av is expected from that assumption͒. The plasma density n 0 shown in Fig. 5 is inserted in Eq. ͑12͒ to calculate av . As expected, the range for av for the two rf powers considered here ͑250 and 800 W͒ goes from 1 to 10. When using the single-ion model, 2 eV rf is obtained by dividing the experimental ⌬E ion by the sheath correction factor given by Eq. ͑13͒. The results are shown by the diamonds on a dashed line in Fig. 4͑a͒ . When using the fluid model, 2 eV rf is obtained by interpolating between the data obtained from the five runs, and the results are shown by crosses on a dashed line in Fig. 4͑a͒ . The discrepancies between the two models are less than 15%. At 250 W, the ratio between the peak to peak amplitude of the rf modulation and the experimental ⌬E ion varies from about 1.2 at zϭ5 cm to about 4.2 at z ϭ25 cm, and at 800 W the same ratio varies from about 1.1 at zϭ5 cm to about 2.2 at zϭ30 cm. Figure 4͑a͒ shows that for 250 W and zу25 cm, the modulation determined from both models starts increasing with z, since we obtained a constant experimental ⌬E ion of 1.5 eV ͑residual rf contamination͒ for a decreasing density toward the diffusion chamber. It is clear that the error bar is also rapidly increasing and the analysis becomes invalid. A comparison between Fig.  4͑a͒ and Fig. 4͑b͒ shows that the results obtained with the energy analyzer qualitatively agree with rf pickup measured with a Langmuir probe.
Two types of errors are inherent to the results generated by this type of deconvolution: the ''experimental'' error in the determination of the plasma potential, the electron temperature and mostly the plasma density, and the ''modeling'' error resulting from the various approximations. A full description of the various sources of errors is beyond the scope of this paper. Neither of the two models take into account the presence of an axially varying magnetic field, but both models derive a generalized curve which is of great interest to the experimentalist. Since the discrepancy between the two models is less than 15%, we use the simplest analytical fit for the results of the fluid model:
͑18͒
The fit and the resulting relative error ␦V rf /V rf obtained by differentiation are shown in Fig. 9 . The error is maximum in the intermediate-frequency regime, which is of interest to us and does not exceed 25%. The maximum discrepancy between the two models is about 15%, which is lower than the error. By deconvolving experimental IEDFs obtained using an energy analyzer, we have obtained spatially resolved measurements of the modulation of the plasma potential in the source of a helicon reactor. It is now possible to derive spatially resolved electric field measurements in the helicon source. The results on the determination of the z-component E z rf of the electric field obtained by performing a numerical differentation of V rf (z) using three-point, Lagrangian interpolation are shown in Fig. 10 . This leads to negative values of E z rf at 250 W for zϽ8 cm, and hence these values are probably near zero. The negative values of E z rf at 250 W for zϾ20 cm should also be discarded since the small initial values of ⌬E ion are associated with a large error bar when the densities are low ͑high-frequency limit͒. Figure 10 shows that peak values of the rf field in the 20-100 V m Ϫ1 range are obtained in the helicon source and the rf electric field is maximum in the antenna region. In the diffusion chamber, the low plasma density approaches the high-frequency limit described in Fig. 8 and the constant value for ⌬E ion indicates that no rf electric field is present. Measurements of the plasma density as a function of the rf power have been performed at 3 mTorr with the same magnetic field configuration and with the glass plate at the top of the source. The results show that the jump 17 from the capacitive to the inductive/wave mode occurs below 250 W. Spatial measurements of the rf electric field have been previously performed by using an emissive probe 30 and peak values of 250 V m
Ϫ1
have been obtained inside a rf plasma of density 10 11 cm
Ϫ3
. To the best of our knowledge, this is the first published report of spatial measurement of a rf electric field using a retarding field energy analyzer.
V. CONCLUSION
Absolute measurements of the rf electric field in the center of a helicon source have been possible using a RFEA and appropriate analysis techniques. In the process of developing a simple method of moving from the energy separation in the bifurcated ion energy distributions to the actual rf plasma potential, a generalized curve has been derived from an analytical model for high, low, and intermediate ion transit time: we have identified a set of dimensionless variables ͑sug-gested by the analytic work͒ that causes results from the computational work to lie on ͑or near͒ a single curve and we have derived an analytic approximation to that curve that can be quickly used by experimenters to convert experimental results to spatial variations of rf plasma potential oscillations, hence to absolute values of the rf electric field. The accuracy of the analytical model and the validity of the generalized curve have been verified by using a fluid model for the sheath, the greatest error ͑15%͒ occurring when the transit time for the ion across the sheath is about the rf period.
A further possibility would be to vary the dc bias on the RFEA in order to change the sheath width independently of the ion density allowing us to further verify the validity of the models developed in this paper, as well as to increase ⌬E ion , hence the fictive resolution of rf potential measurements. 
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